Solid beef cattle manure is a good anaerobic digestion feedstock for methane production, but more research is needed to determine how co-products of the anaerobically digested manure may be used in crop production, while limiting the risk of nutrient loss to the environment. Over four growing seasons, we measured the N and P supplied to barley (Hordeum vulgare L.) forage test crops from (i) anaerobically digested solid beef cattle manure (digestate), (ii) separated solids from the digestate (separated solids), (iii) pelletized separated solids (pellets), and (iv) undigested solid beef cattle manure (manure) that were applied to target 1× (260 kg N ha -1 ) and 2× (520 kg N ha -1 ) the recommended N rates. Non-amended soil was the control. Digestate led to 31 to 50% greater barley forage yield than the other amendments. Th e apparent N recovery from digestate (19%) was much greater than pellets (2%) and about double that of the separated solids (9%) and cattle manure (10%). Th e barley N uptake derived from digestate was 41%, which was signifi cantly greater than manure (22%), separated solids (17%), and pellets (2%). Digestate increased P uptake, while signifi cantly reducing soil-test P accumulation compared with the other coproducts and cattle manure when applied at N-based rates. Our results confi rmed that management practices for solid beef cattle feedlot manure may be used for separated solids, but not digestate. Pelletized separated solids may be an eff ective slow release fertilizer, while also supplying C, but determination of its nutrient release patterns is required.
T he expansion of methane production from organic feedstocks has provided a unique opportunity to capture C and provide renewable energy, while supplying nutrient-rich co-products that may be utilized as organic fertilizers for crop production. In western North America, beef cattle feedlots generate massive quantities of solid manure, which is a good anaerobic digestion feedstock to produce methane (Ward et al., 2008) . However, the agronomic values of the various co-products derived from anaerobically digested solid beef cattle manure are not well-defi ned , making it diffi cult to tailor application rates to crop nutrient demand. Improved understanding of the agronomic values of co-products from anaerobically digested solid beef cattle manure will enhance our potential to develop sustainable management practices that meet producer needs, while minimizing the risk of nutrient export to the surrounding environment.
Most studies investigating anaerobically digested manure have used liquid manures (slurries) as the feedstock (Loria and Sawyer, 2005; de Boer, 2008; Chantigny et al., 2007 Chantigny et al., , 2008 Bachmann et al., 2011 Bachmann et al., , 2014 Cavalli et al., 2016) , which have distinct chemical and physical composition compared to solid manure. Th is means that agronomic values developed using liquid manures are likely not applicable to anaerobically digested solid manure. Research has indicated that anaerobically digested solid beef cattle manure has a lower potential for soiltest P accumulation than undigested solid cattle manure with a greater capacity to supply N for a barley forage crop , whereas the separated solid fraction of anaerobically digested solid beef cattle manure shares very similar N and P agronomic values with undigested solid cattle manure . For anaerobically digested solid beef cattle manure it was recommended that N management follow practices similar to liquid dairy cattle manure until more information has been gained about its agronomic values across a wider range of sites. Th is recommendation was based on the assumptions that Anaerobically Digested Cattle Manure Supplied More Nitrogen with Less Phosphorus Accumulation than Undigested Manure
• Barley recovered 19% of N applied by anaerobically digested cattle manure over 4 yr.
• Barley recovered 10% of N applied by undigested cattle manure over 4 yr.
• Separated solids and cattle manure supplied similar amounts of N and P to barley.
• Pelletized separated solids released N too slowly for a barley yield benefi t.
• Separated solids posed a greater risk of P accumulation than cattle manure.
anaerobically digested cattle manure has a moisture content of about 95%, with a lower risk for soil test P accumulation than liquid dairy cattle manure , while having a NH 4 -N/total N ratio in the 0.35 to 0.74 range of liquid dairy cattle manure (Zebarth et al., 1996; Thomas et al., 2015) . As organic amendments are applied based on their N content in Alberta (Smith et al., 2014) , an understanding of soil-test P accumulation as a function of the N applied is also important to identify the risk of P accumulation so that P flows via surface and subsurface pathways are minimized (Pote et al., 1996; Sims et al., 2000; Olson et al., 2010; Kumaragamage et al., 2011) . This is particularly important for amendments that have lower N/P ratios than the demand of crops that they fertilize. To develop sound management practices for these anaerobic digestion co-products, more information is clearly required. One problem with the digestion process is that the digestates contain 95% water, so transporting this nutrient-rich coproduct far from the biogas plant is not economical (Smith et al., 2014) . Separating the liquid and solid fractions of digestates to make pellets with the dewatered solid fraction (Möller and Müller, 2012) provides an avenue to more efficiently transport this valuable nutrient source greater distances to enhance nutrient recycling opportunities for beef cattle feedlots (Hammac et al., 2007) . Pelletizing separated solids was shown to limit the N released in a greenhouse pot study (Chiyoka et al., 2014 ). Yet, similar to the uncertain agronomic value of anaerobically digested cattle manure, little is understood about the ability of pelletized separated solids to supply nutrients for crops under field conditions.
The objective of our study was to assess the agronomic values of three co-products from anaerobically digested solid beef cattle manure for barley forage production over four growing seasons. The biogas co-products included: (i) anaerobically digested solid beef cattle manure, (ii) separated solids from anaerobically digested solid beef cattle manure, and (iii) pelletized separated solids from anaerobically digested solid beef cattle manure. Based on our previous work in southern Alberta , we hypothesized that the anaerobically digested solid beef cattle manure would have the greatest agronomic value, while separated solids and the undigested solid beef cattle manure would have similar agronomic values.
MATERIALS AND METHODS

Field Site, weather and Soil Properties
The field experiment was conducted from 2009 to 2012 near St. Albert, AB, Canada (53°41¢31² N; 113°37¢11² W; altitude: 687 m). The soil is a Black Chernozem (Typic Haplocryoll) with silty clay (450 g clay kg -1 , 480 g silt kg -1 , 70 g sand kg -1 ) texture (Table 1) . Weather data (Table 2) were downloaded from a nearby Government of Canada weather station (about 14 km south of the experimental plots). The field site was located at a farm recently acquired by the University of Alberta. While the site had a history of animal manure application (Miles Dyck, personal communication, 2009) , there was limited information about the historical cropping practices. The mean annual air temperatures for the 4-yr period ranged from 1.8 to 4.2°C, which were near the 30-yr (1981-2010) 
Experimental Design
This experiment utilized three types of anaerobically digested co-products: (i) anaerobically digested solid beef cattle feedlot manure (digestate), (ii) separated solids after the liquid fraction was removed from anaerobically digested solid beef cattle feedlot manure (separated solids) and (iii) pelletized separated solids (pellets). Undigested solid beef cattle manure (manure) and non-amended soils were also included for comparison. The amendment properties are provided in Table 3 . The organic amendments were applied to the same plots each Table 1 . Baseline soil properties to the 90-cm depth at the beginning of the experimental period prior to amendment application.
Depth
Bulk density pH year at two N application rates (1× and 2× recommended rates) that were randomized in a complete block design with four blocks containing each amendment × rate combination. The treatments were applied to 2.5 by 15 m plots. There was a 2-m buffer zone between plots within each block and a 12-m buffer zone between the blocks in the field. Following Alberta Agriculture and Forestry (2000) agronomic guidelines, target rates of 260 and 520 kg total N ha -1 were applied as the 1× and 2× recommended rates for barley forage production, respectively (Table 4) . To simplify fieldwork, it was assumed that 50% of the total N was plant-available in the year of application for all amendments because coefficients for N availability have not been developed for anaerobic digestion co-products in this region. The amendment N released after 1 yr of crop production was not considered in subsequent years when calculating the application rates. Each year, the N application rates differed because estimates of plant-available N were based on the previous year's N content in each respective amendment. This led to year-to-year variability in the quantity of N applied by the amendments and is why we provide metrics that are adjusted based on the total N applied. These estimates were made because the field site was >500 km from the laboratory. 
Field Experiment Setup
Amendment, Crop, and Soil Sample Collection and Analysis
Three samples per amendment type were collected on each application date. Fresh amendment samples were used for pH, electrical conductivity (EC), and water-extractable N (NH 4 -N + NO 3 -N). Samples were freeze-dried and then ground to pass through a 0.15-mm sieve for total C, N, and P determination. The mass difference before and after freezedrying was used to calculate water content of the amendment. Freeze-dried samples were also re-analyzed for water-extractable N and the differences between the fresh and freeze-dried samples were considered to be volatilized ammonia-N (NH 3 -N) lost during sample handling and the freeze-drying process. The total N content for each amendment was adjusted to include the calculated N lost during handling and freezedrying. In each amendment, the organic-N was calculated by subtracting the NH 4 -N and NO 3 -N concentrations from the total N concentration.
For amendment pH and EC determination, approximately 25 g of fresh amendment were mixed with 100 mL of deionized water, while 125 mL of digestate was used without dilution. After the mixture was shaken for 1 h, pH was determined using an Orion Model 125 pH meter (Beverly, ME). The slurry mixture was then passed through Fisher Q2 filter paper (1-5 µm; Thermo Fisher Scientific, Waltham, MA) and the EC of the supernatant was measured with an Orion Model 290 EC meter (Beverly, ME). The extracting solution was then syringe filtered (<0.45 µm) for water-extractable NH 4 -N and NO 3 -N determination by ion chromatography with a Dionex ICS-1000/ DX-600 (Dionex Corporation, Sunnyvale, CA). Finely ground samples were used to determine amendment total C and N concentrations by dry combustion with a CNS analyzer (Carla Erba, Italy). The total P concentration was determined by digesting finely ground samples with 18 mol L -1 H 2 SO 4 (Parkinson and Allen, 1975 ) and the P concentration in the digested solution was determined by colorimetry with a discrete analyzer (EasyChem Pro, Systea Analytical Technology, Anagni, Italy).
Immediately after harvest, the barley forage was oven-dried at 60°C for 7 d prior to dry biomass yield determination. Ovendried samples were first coarsely ground, then finely ground and analyzed for total N and total P concentrations following the method outlined for the amendments above.
Soil samples (0-5, 5-15, 15-30, 30-60, 60 -90 cm depth) were collected on 27 May 2009 prior to the first amendment application to determine baseline soil properties. At each harvest, soil samples were collected from the 0-to 30-cm depth for NH 4 -N and NO 3 -N determination and 0-to 15-cm depth for Olsen-P determination. For each soil sampling, eight cores were randomly collected from each plot, composited in the field and returned to the lab. Soil samples were air-dried and ground to pass through a 2-mm sieve for pH, EC, NH 4 -N, NO 3 -N, and Olsen-P determination, while subsamples were further finely ground to pass a 0.15-mm sieve for organic C, total N, and total P determination.
Soil pH and EC were determined as described for the amendments, except with a 1:2 soil to water ratio. The soil NH 4 -N and NO 3 -N were extracted with 2 mol L -1 KCl (1:5 soil/extract ratio; Mulvaney, 1996) ; the NO 3 -N plus nitrite N concentration in the extract was determined by automated colorimetry (Auto-Analyzer III, Bran + Luebbe, Norderstedt, Germany) as was the NH 4 -N concentration (Easychem Pro, Systea Analytical Technology, Anagni, Italy). Olsen-P was determined using a modified Olsen extraction method with a 1:10 soil to extract ratio (Olsen et al., 1954) . The P concentration in the extracting solution was determined by automated colorimetry (Easychem Pro, Systea Analytical Technology, Anagni, Italy). Soil organic C, total N, and total P concentrations were determined using methods similar to the amendments, except for organic C because inorganic C was removed by treating soil with 6 mol L -1 HCl prior to dry combustion. ‡ Digestate, anaerobically digested solid beef cattle feedlot manure; Separated solids, separated solids after liquid fraction removed from the digestate; Pellets, pelletized dried separated solids; Manure, undigested solid beef cattle feedlot manure. § WC is water content on a wet weight basis.
Data Handling and Statistical Analysis
To calculate barley N and P uptake, the N and P concentrations in the forage were multiplied by the barley forage dry matter yield. For each growing season, the apparent N and P recovery (ANR and APR) from each amendment and amendment-derived N and P (AmDN and AmDP) in the barley forage were calculated as:
where U is the cumulative N or P uptake by barley forage in the amended soil (kg N or P ha -1 ), U 0 is the cumulative N or P uptake by barley forage in the non-amended soil (kg N or P ha -1 ), and A is the cumulative amount of amendment N or P applied over the study period (kg N or P ha -1 ).
We also determined the residual NO 3 -N and Olsen-P in 2012 as a function of the cumulative N applied over the four growing seasons. This provides a unit-free relative risk indicator for the risk of short-term NO 3 -N and soil-test P accumulation per unit of N applied:
where R is the post-harvest residual NO 3 -N or Olsen-P concentration in the amended soil in the final year of the study and R 0 is the post-harvest residual NO 3 -N or Olsen-P concentration in the non-amended control soil in the final year of the study. All statistical analyses were computed with SAS software (SAS Institute, 2005) . The data were analyzed as a 4 × 2 factorial with a control. Prior to conducting ANOVA the UNIVARIATE procedure was used to visually inspect the residuals for normality and potential outliers. Large residuals (3 × SEM) were removed before the ANOVA. The ANOVA were conducted with the MIXED procedure to assess the significance of amendment type, N application rate, year, and their interactions on barley forage yield, N and P uptake, soil NH 4 -N, NO 3 -N, and Olsen-P concentrations. Amendment type, N application rate and year, and their two-and three-way interactions were set as fixed effects, and block was a random effect. Year was set as a repeated measure. The ANOVA for ANR, APR, AmDN, AmDP, NO 3 -N risk , and soil-test P risk were conducted as stated above, but without a repeated measure because these measurements were calculated for the entire 4-yr period. Means were compared with a Fisher's protected least square means test at P < 0.05.
RESuLTS AND DISCuSSION
Barley Forage Yield and Nitrogen and
Phosphorus uptake Barley forage yield was significantly affected by amendment type, N application rate, and year but no interactions were significant (Table 5 ). Yield with digestate was significantly greater (31-50%) than all other amendments. The 2× N application rate led to 13 and 26% more barley forage yield than the 1× N application rate and non-amended soil, respectively, but no significant difference was detected between the 1× N application rate and non-amended soil. Over the 4-yr study period, barley forage yields were the greatest in 2009, followed by 2010 and 2012, while barley forage yields reached a low in 2011 when yields decreased by 44% relative to 2009 levels. The low yield in 2011 may be somewhat surprising considering the precipitation levels were greatest that growing season. However, the low 2011 forage yield may have been caused by substantial rainfall (110 mm within 5 d) in mid-June, 10 d after seeding, adversely affecting barley stand establishment. Overall, below normal (304 mm) growing season precipitation over the 4 yr (129-258 mm) might have hindered barley responsiveness to the organic amendment applications.
Barley forage N uptake was significantly affected by amendment type, N application rate, and year but no interactions were significant (Table 5) . Digestate led to 30, 39, and 63% greater barley forage N uptake than manure, separated solids, and pellets, respectively. Barley forage N uptake significantly increased from the 0-N control to 1× (25%), and 1× to 2× (13%) N application rates. Nitrogen uptake was 52 to 56% lower in 2011 than all other growing seasons.
Barley forage P uptake was significantly affected by amendment type, N application rate, and year, but no interactions were significant (Table 5 ). Barley forage P uptake was 15 to 20% greater with digestate than all other amendments, while P uptake significantly increased from the 0-N control to 1× (19%) and the 1× to 2× (16%) N application rates. Similar to barley forage N uptake, P uptake was 59 to 65% lower in 2011 than all other growing seasons.
Our result confirmed that anaerobically digested solid beef cattle manure (digestate) has a greater agronomic value than solid cattle manure, while the separated solid fraction of the digestate supplies N and P similar to solid beef cattle feedlot manure . This is thought to result from the anaerobic digestion process liberating N and P during the decomposition of Table 4 . Amount of C, N, and P applied for each amendment at the 260 kg total N ha -1 rate over the 4-yr study period. C-rich substrates in the cattle manure, leaving co-products that have greater post-digestion available N and P concentrations . Thus, the anaerobic digestates may have a greater agronomic value than their undigested form (Bachmann et al., 2014; Insam et al., 2015) .
While the separated solid fraction of digestates may be pelletized to be used as a nutrient source (Möller and Müller, 2012) , this amendment performed poorly in our study. The pelletization process involves compaction, which reduces surface area. Upon land application, this restricts the substrate's contact area with soil and its accessibility for microbial colonization, likely limiting the agronomic value of the pelletized separated solids. Möller and Müller (2012) reported that no information on the agronomic values of pelletized separated solids of anaerobic digestates was available. However, our work clearly shows that simply pelletizing dried separated solids is not an effective practice if the goal is to supply readily available nutrients for crop production. A mechanism that facilitates increasing the pellets surface area or their decomposition may enhance the release of their contained nutrients. From a crop production standpoint, separated solids are a better readily available nutrient source than pellets.
Nitrogen and Phosphorus Recovery
Apparent N recovery was significantly affected by amendment type, but not the N application rate or their interaction (Table 6 ). The ANR by barley was more than nine times greater with digestate than pellets and twice the values of separated solids and manure. The ANR by barley from separated solids and manure was about four times greater than pellets. The ANR by barley from the digestate, cattle manure, and separated solids was similar to values for digestate (22%), cattle manure (12%), and separated solids (9%) reported by Hao et al. (2016) for southern Alberta (about 500 km south of the field site). Although Hao et al. (2016) did not study Table 5 . Barley forage yield, N uptake and P uptake mean values in response to four annual applications of anaerobically digested solid beef cattle manure (digestate), the separated solid fraction from the anaerobically digested cattle manure (separated solids), pelletized dried separated solids (pellets), undigested cattle manure (manure), and a non-amended control (0). Each spring, the organic amendments were applied at target rates of 260 and 520 kg total N ha -1 (1 and 2) in 2009, 2010, 2011, and 2012 Table 6 . Apparent N and P recovery (ANR and APR), amendment-derived barley N and P uptake (AmDN and AmDP) and residual risk of NO 3 -N (NO 3 -N risk ) and soil-test P (soil-test P risk ) accumulation as a function of the N applied in response to four annual applications of anaerobically digested solid beef cattle manure (digestate), the separated solid fraction from the anaerobically digested cattle manure (separated solids), pelletized dried separated solids (pellets), and undigested cattle manure (manure). Each spring, the organic amendments were applied at target rates of 260 and 520 kg total N ha -1 (1 and 2). 090 † ANR or APR = (U -U 0 )/A × 100; AmDN or AmDP = (U -U 0 )/U × 100; NO 3 -N risk or soil-test P risk = R -R 0 /A; where ANR or APR is the apparent N or P recovery and AmDN or AmDP is the amendment derived N or P uptake; U is cumulative N or P uptake over the experimental period by barley forage from amended treatment; U 0 is cumulative N or P uptake over experimental period by barley forage from the non-amended soil and A is cumulative amendment total N or total P applied over the experimental period, R is post-harvest soil NO 3 -N or Olsen-P concentration in the amended soil at the end of the study, R 0 is the post-harvest residual NO 3 -N or Olsen-P concentration in the non-amended control soil at the end of the study.
‡ For the main effects, means that do not share a letter are significantly different at a 0.05 probability level.
pelletized separated solids, it appears that they have little agronomic value and their use cannot be recommended based on results of this study and laboratory incubations (Chiyoka et al., 2014) . However, the volume and mass reductions in the pelletized separated solids makes them more economical to transport farther from the feedlots or their point of origin. Therefore, future work should investigate how the nutrient supply from the pellets may be better synchronized with crop demand. The AmDN was significantly affected by amendment type and N application rate but not their interaction (Table 6) . Digestate led to nearly 20 times greater AmDN than pellets, and about double that of the separated solids and manure. The separated solids and cattle manure led to 7.5-and 10-times greater AmDN than the pellets, while there was no detected difference between separated solids and manure. The AmDN in this study was similar to previous work in southern Alberta, where digestate led to 43% AmDN, cattle manure led to 21% and separated solids led to 19% .
Apparent P recovery was not significantly affected by amendment type, N application rate or their interaction (Table 6 ). The AmDP was not significantly affected by amendment type or the amendment type × N application rate interaction but was significantly affected by N application rate (Table 6 ). Similar to results for southern Alberta, the APR and AmDP were less responsive to amendment type than ANR and AmDN. However, in southern Alberta, digestate led to 92% greater P recovery than the separated solids , but no differences were detected in our study. In southern Alberta, P recovery was about two times the P recovery in our study. This is likely due to the soil P status prior to amendment application. In this study, background Olsen-P levels were 59% greater in the 0-to 5-cm soil layer, and 52% greater in the 5-to 15-cm soil layer, than the southern Alberta site.
Residual Ammonium Nitrogen, NitrateNitrogen, and Olsen-Phosphorous
The residual NH 4 -N was only significantly affected by year (Table 6) ; from 2009 to 2012 residual NH 4 -N increased by 78%. This is consistent with previous work that showed soil NH 4 -N concentrations were not significantly affected by the application of anaerobically digested solid cattle manure coproducts .
The residual NO 3 -N was significantly affected by an amendment type × N application rate × year interaction (Table 7) . The interaction primarily indicated that in 2009 and 2010, the NO 3 -N concentrations in digestate-amended soils were greater than all other treatments with the 2× digestate rate having greater residual NO 3 -N than the 1× rate. In 2011, the 2× digestate had significantly greater residual NO 3 -N than the other treatments, with 1× digestate and the 1 and 2× manure rates being similar, but they were greater than the 1 and 2× separated solids and pellets. By the final year (2012), residual NO 3 -N in the 2× manure and 2× digestate were similar, while the 1× digestate had similar residual NO 3 -N as the 2× separated solids. The 2× separated solids had greater residual NO 3 -N concentrations than 1× separated solids and 2× pellets. Ultimately, over the course of the experiment, the 2× cattle manure led to similar residual NO 3 -N as the 2× digestate. This accumulation of NO 3 -N may have resulted from the higher N application rate of cattle manure in 2012 (Table 4) . Alternatively, it may have resulted from some of the organic-N in the cattle manure not readily mineralizing during the initial 3 yr of the study period. As the mean C/organic N ratio in the cattle manure over the 4-yr study period was 20, this would favor initial immobilization because the C/organic N ratio is above 15 (Chadwick et al., 2000; Qian and Schoenau, 2002; Webb et al., 2013; Thomas et al., 2016) . This indicates that when cattle manure is applied at higher N rates, the cumulative effect of repeated applications should be considered (Whalen et al., 2001 ). However, due to the complex nature of interactions between weather conditions, edaphic properties, the amendments and the crop in dryland cropping systems, it is difficult to estimate the quantity and timing of the plant-available N release.
The residual Olsen-P was significantly affected by an amendment type × N application rate × year interaction (Table 7) . Across growing seasons, residual Olsen-P was not significantly affected until after the final barley forage harvest in 2012 (Fig. 1) . In 2012, all organically amended soils had greater residual Olsen-P than the non-amended soil. At that time, the 2× digestate N application rate led to 41 to 45% lower residual Olsen-P than the other organic Table 7 . Post-harvest soil NH 4 -N and NO 3 -N (0-30 cm) and Olsen-P (0-15 cm) concentrations in response to four annual applications of anaerobically digested solid beef cattle manure (digestate), the separated solid fraction from the anaerobically digested cattle manure (separated solids), pelletized dried separated solids (pellets) and undigested cattle manure (manure), and a non-amended control (0). Each spring, the organic amendments were applied at target rates of 260 and 520 kg total N ha -1 (1 and 2). amendments applied at the 2× N application rate. There was no difference in residual Olsen-P between 1× digestate and 1× pellets.
Residual Nitrate-Nitrogen and SoilTest Phosphorus Risk Factors
To assess the residual NO 3 -N and soil-test P accumulation risk as a function of cumulative N applied, risk factors were calculated. The NO 3 -N and soil-test P risk factors were both significantly affected by amendment type, but not N application rate or an amendment × N application rate interaction (Table 6 ). The digestate, manure, and separated solids all had similar risk of NO 3 -N accumulation, while the pellets had significantly lower NO 3 -N risk. Given the pellets low risk of NO 3 -N accumulation, they may be suitable as a slow release fertilizer, while building soil organic C. The use of pellets may be optimized by supplementation with inorganic N fertilizer. However, more research is required to develop management practices for this soil amendment.
Digestate had significantly lower risk of soil-test P accumulation than all other amendments, with pellets and manure having a similar risk. Separated solids had the greatest risk of soil-test P accumulation as a function of cumulative N applied. The pelleting or granulating of organic amendments can shift the P content to a more stable form (He et al., 2010) , which likely results from enhanced physical protection due to the compaction process, which then limits P diffusion. This was supported by our result that the pellets had a lower risk of soiltest P accumulation than the separated solids from which the pellets were made. As producers typically apply organic amendments based on their N content in Alberta (Smith et al., 2014) , these risk factors provide a good indication of the potential threat to the environment per unit of N applied. Clearly, the most contrasting risk among the amendments is the soil-test P accumulation. Digestate had the lowest soil-test P risk, while cattle manure and pellets were similar, but separated solids had a 29% greater risk of soil-test P accumulation per unit of N applied than cattle manure, indicating that this amendment requires careful management to minimize soil-test P accumulation when applied at N-based rates. This is important because soil-test P is an indicator for loss via runoff and leaching pathways (Pote et al., 1996; Sims et al., 2000; Olson et al., 2010; Kumaragamage et al., 2011; Ziadi et al., 2013; Li et al., 2016) . It also provides evidence that P-based rates may be more suitable for the higher risk amendments such as cattle manure and separated solids.
CONCLuSION
Over the 4-yr study only a small fraction of applied amendment N was used by the barley forage crop (digestate at 19%, separated solids at 9%, pellets at 2% and undigested manure at 10%). Anaerobically digested solid beef cattle manure supplied about twice as much N for barley than its undigested form, while its risk of soil-test P accumulation was 31% lower per unit of N applied. Separated solids supplied N similar to undigested beef cattle manure but had a 30% greater risk of soil-test P accumulation per unit of N applied. Pelletized separated solids had low N recovery and residual NO 3 -N risk, but had a similar soil-test P risk to undigested cattle manure. At this time, pelletizing the separated solids of anaerobically digested solid beef cattle manure is not recommended for barley forage production; however, an effort to enhance the decomposition is warranted because pelletizing makes transportation further from the feedlot more economical. Anaerobically digested solid beef cattle manure poses a smaller risk to the environment than undigested beef cattle manure when applied at N-based rates. Our result confirmed that separated solids may be managed similarly to undigested solid beef cattle manure, while anaerobically digested solid beef cattle manure has greater agronomic value. Fig. 1 . Annual post-harvest soil NO 3 -N concentrations in the 0-to 30-cm soil layer (top) and Olsen-P concentrations in the 0-to 15-cm soil layer (bottom) in response to four annual applications of anaerobically digested solid beef cattle manure (DM), the separated solid fraction from the anaerobically digested cattle manure (SS), pelletized dried separated solids (PE), undigested cattle manure (CM), and a non-amended control soil (CK). Each spring, the organic amendments were applied at target rates of 260 and 520 kg total N ha -1 (1 and 2). Vertical bars indicate standard deviation.
